Chirality-or 'handedness'-is a symmetry property crucial to fields as diverse as biology, chemistry and high-energy physics. In graphene, chiral symmetry emerges naturally as a consequence of the carbon honeycomb lattice. This symmetry can be broken by interactions that couple electrons with opposite momenta in graphene. Here we directly visualize the formation of Kekulé bond order, one such phase of broken chiral symmetry, in an ultraflat graphene sheet grown epitaxially on a copper substrate. We show that its origin lies in the interactions between individual vacancies in the copper substrate that are mediated electronically by the graphene. We show that this interaction causes the bonds in graphene to distort, creating a phase with broken chiral symmetry. The Kekulé ordering is robust at ambient temperature and atmospheric conditions, indicating that intercalated atoms may be harnessed to drive graphene and other two-dimensional materials towards electronically desirable and exotic collective phases.
G
raphene is a two-dimensional (2D) material with low-energy excitations that mimic massless relativistic chiral fermions 1 . Here, chirality arises from the honeycomb crystal structure that creates two inequivalent Dirac cones (or valleys), K±, at the corners of the graphene Brillouin zone (GBZ). This unique electronic and crystal structure has been predicted to host a rich assortment of topologically distinct phases [2] [3] [4] [5] . Pristine graphene by itself has not been found to exhibit such symmetry-broken states, but it has been hypothesized that a small number of adatoms placed on the graphene surface can catalyse the formation of such states [6] [7] [8] . One such phase is the Kekulé distortion (KD) 2, 9 , a C-C bonddensity wave in the carbon honeycomb network that periodically alters the nearest-neighbour electronic hopping strength. The KD is an intrinsic instability in carbon nanotubes 9 and graphene [3] [4] [5] that triples the unit cell and can be interpreted as the 2D analogue of the Peierls distortion in quasi-1D polyacetylene 9, 10 . Importantly, this specific bond distortion concomitantly breaks the chiral symmetry in graphene and has been predicted to open an energy gap at the Dirac point [2] [3] [4] [5] [6] [7] [8] [9] . The KD thus provides a solid-state context to explore the emergence of an energy gap through chiral symmetry breaking similar to mass generation in quantum electrodynamics 11 . The KD is depicted schematically in Fig. 1a , where the graphene bond symmetry breaks from equivalent (every C-C bond thin) to inequivalent (alternating thin/thick bonds). These alternating bonds form a (
• supercell (henceforth referred to as R3) and can take many forms. Figure 1a depicts one such 'Y'-bond pattern, which we call Kek-Y. A convenient way of representing this phase is to tile the pristine graphene with a three-colour mosaic, as shown in Fig. 1a , with the new unit cell being defined by the mosaic tiles of a single colour. Note that, in pristine graphene, chirality is a conserved quantity that derives from the distinct electronic Bloch states at the inequivalent Dirac cones. In the KD phase these points are connected by a reciprocal lattice vector (Fig. 1b, lower panel) , which breaks the chiral symmetry in graphene by mixing different valley states.
In practice, pristine graphene does not exhibit the KD phase owing to the rigidity of the graphene lattice and the vanishing electronic density at the Dirac point. One way that has been suggested [6] [7] [8] to encourage the formation of this phase is to induce interactions within graphene using adatoms. An adatom on the graphene lattice creates electronic ripples owing to intervalley scattering, as illustrated in Fig. 1b , and can thus break the chiral and/or sublattice symmetry of graphene in its immediate vicinity. A key feature of the graphene band structure is that these ripples, or Friedel oscillations (FOs), have exactly the wavelength of the KD in graphene. In the presence of a dilute concentration of adatoms, the electronic ripples extending from each adatom site cause an effective interaction to exist between them [6] [7] [8] . If the adatoms are sufficiently mobile (Fig. 1c) , it is predicted 6-8 that on cooling they will order in such a way that the electronic ripples are in phase throughout the lattice and strongly amplified (Fig. 1d) . The electron-lattice interaction in graphene then causes atomic displacements of the carbon atoms, and the graphene goes into the KD phase. There are thus two clear experimental signatures of the Kekulé distortion in graphene. First, the onset of Kekulé bond order implies that the additional R3 periodicity of the Kekulé lattice should be observed in imaging or scattering experiments performed on the graphene sheet. Second, the positions of the adatoms on the graphene exhibit long-range mosaic order. As this order is apparent only when the graphene lattice is colour-coded, it is called a hidden Kekulé order (HKO) of adatoms.
There has so far been no direct experimental evidence of the KD state in graphene, although it has been synthesized by atomic manipulation in artificial graphene 12 and has been implicated 13 experiments at high field 14 and in theoretical models of highly strained films 15 . In this work we use a scanning tunnelling microscope (STM) to directly visualize the Kekulé distortion in an epitaxial monolayer of graphene. We further show that its origin lies in long-range electronic interactions between graphene and individual atomic vacancies in the copper crystal on which the graphene is grown-the mechanism predicted by the HKO theory. All STM measurements were performed at 78 K unless otherwise noted. Our graphene samples are grown by chemical vapour deposition (CVD) on large, single-crystal Cu(111) domains from commercial copper foils using a novel growth method 16 , with global angular alignment between graphene and the underlying copper. Astonishingly, this alignment persists down to the nanometre scale. This is seen in the large-area STM topograph in Fig. 2a , which reveals large ultraflat terraces and long, triangular atomic steps of graphene-coated copper. Detailed STM images (Fig. 2a,  lower panel) show that the vast majority of these copper steps are aligned precisely along the principal crystallographic ('zigzag') directions of the graphene lattice (Supplementary Information). This triangular step structure was not observed in previous graphene-Cu(111) STM studies 17, 18 , and indicates an unusually strong interaction between carbon and copper during the growth and cooling phases of graphene. Moreover, the overall flatness of the substrate is comparable to the best single-crystal preparations of (111) copper 17, 18 , and is four times smoother than the typical roughness of graphitized copper foils (Supplementary Information). As we will show later, in this special growth procedure, the top layer of the copper substrate that is just below the graphene film is epitaxially matched to the graphene lattice, providing an ideal environment to observe interactions in the graphene film.
Atomic images of the surface further show a rich family of features that differs markedly from previous STM studies of graphene grown on Cu(111) 17, 18 and other FCC crystals 19 . We first focus on the central result of this study-the presence of a commensurate R3 charge-density wave (CDW) in the graphene honeycomb lattice, the first hallmark of the Kekulé distortion. In real space, this can be seen in the STM topography (Fig. 2b) where Kekulé order manifests in patches with larger honeycomb pattern with a darker depression at every other graphene hollow position, forming an R3 unit cell (yellow diamond) compared to the graphene unit cell (red diamond). The CDW can also be seen in the simultaneously acquired spectroscopic image, or dI /dV map, as a clear triangular pattern with the same R3 periodicity (Fig. 2c) . As one expects from a true CDW, the wavelength of graphene reciprocal lattice (red circles). The six strong intermediate peaks at the GBZ K-points do not occur in pristine graphene (or on graphene films grown on amorphous copper foils, Fig. 2d upper inset) and correspond to the novel R3 supercell at Q Kek (yellow circles). Finally, the FT also shows long wavelength superlattice peaks at Q SP (central white circle) that also decorate each of the outer Bragg peaks and the Kekulé peaks, the origin of which we describe later.
The presence of ultra-sharp peaks at the GBZ K-points is the main signature of the Kekulé phase in FT images. We note that the wavelength of the Kekulé supercell is identical to the wavelength of intervalley scattering that is produced by atomically sharp defects in graphene, which has previously been observed by several STM experiments [21] [22] [23] [24] . However, there is an important difference between our current results and prior observations: In cases where atomically sharp defects cause intervalley scattering, the shape of the scattering pattern in reciprocal space depends on the energy at which it is probed, producing diffuse ring-like features 22, 24 around the K-points away from the Dirac point energy. In contrast, the R3 peaks we measure remain sharp (Fig. 2e) at all energies. This indicates that the correlation length of the R3 order in our graphene films is truly long range over the field of view of our STM images. The presence of the KD phase is further evidenced by the decoration of each GBZ K-point with the superlattice pattern at Q SP (Fig. 2d , boxed region): as the KD imposes an R3 periodicity on the lattice, the reciprocal lattice points of the tripled unit cell coincide exactly with the K-points. All of the STM evidence thus points to the existence of the KD phase in our epitaxial graphene. To obtain direct evidence of the bond order in graphene, we perform near-edge X-ray absorption fine structure (NEXAFS) measurements on the epitaxial graphene films near the carbon 1s (C1s) edge. Shown in Fig. 2f are NEXAFS spectra taken on the epitaxial graphene film (red curve) and, for comparison, a spectrum taken on a pristine graphene film on SiO 2 (black curve). The key difference observed in the epitaxial graphene film is a splitting of the 1s → π * transition resonance of graphene into two distinct and well-defined peaks at 285.58 eV and 286.24 eV. An associated resonance is also observed at 288.75 eV, and both resonances demonstrate the same angle dependence as graphene, verifying that the features cannot be due to surface contamination. This splitting of the resonance directly proves the presence of two distinct C-C bond lengths in the epitaxial graphene, as we expect for the KD phase.
A hint to the mechanism behind the Kekulé distortion is provided ensemble of atomically sharp features that pepper our topographic images (black arrows, Fig. 2b ). These atomic features (AFs) have a uniform height and appear as bright spots in STM images (Supplementary Information). A close-up image of one of these features is shown in Fig. 3a , which shows that it has atomic dimensions. By taking images where multiple AFs are located close together, as shown in Fig. 3c (left panel), we clearly see that the AFs hexagonally close-pack with the periodicity of the R3 supercell. To better visualize this order between the AFs, we tile the graphene lattice points by three colours as shown in Fig. 3c (right panel) . In this red-green-blue (RGB) mosaic representation of the graphene lattice, Kekulé order corresponds to picking out a unique orientation of the three colours of the lattice, as in Fig. 3b . In this representation, all the AFs in Fig. 3c locally cluster on the 'blue' Kekulé lattice. To probe the length scale of this ordering, we image large areas with extremely high resolution to identify both the graphene lattice and AF positions. Using the RGB mosaic representation across the entire image, we then uniquely determine the 'colour' of each AF and study the colour structure of the AFs across large length scales. Figure 3d shows the results of this procedure on a 204 Å × 204 Å area of the sample. Astonishingly, we can clearly see that the individual AFs are ordered on the same Kekulé lattice (in this case the blue one) over the entire image (and several other images), even though they seem to be randomly distributed before such colouring (see Supplementary Information) . This confirms that the hidden Kekulé order in the AFs is generically present in our samples. Additionally, as any particular choice (R, G or B) of Kekulé bond order is equally likely to be established, one would expect to find domains of differing Kekulé order, which we occasionally find, as shown in Fig. 3e. Altogether Fig. 3 thus proves that the AFs-whatever their atomic identity may be-exhibit long-range Kekulé ordering, which is the second hallmark of the HKO state in graphene. We note that the Kekulé ordering in our films occurs for AF concentrations in the sub-percent level, and so the ordering mechanism discussed here is unrelated to the R3 ordering seen at high adatom coverages, which is ascribed to charge transfer between adatoms and graphene 25 . We have so far shown that Kekulé order exists in both the graphene film (Fig. 2) as well as in the positions of the AFs (Fig. 3) . Our analysis in Fig. 4 further shows that the two phenomena share a common origin. Because the graphene R3 and the AF ordering both have the exact same R3 wavelength, we cannot distinguish them in real space using a traditional Fourier analysis. Instead, we employ a phenomenological model of the HKO state to distinguish the contributions from the two phenomena. Consider the STM image shown in Fig. 4a , which clearly shows the positions of the AFs and the hexagonal Kekulé R3 supercell in graphene (and not the graphene honeycomb lattice, which is not visible at this tunnelling energy). We see that the amplitude of the Kekulé order in graphene exhibits spatial variations. We simulate this using a model based on the scattering picture in Fig. 1c,d by assuming a local patch of Kekulé order in the immediate vicinity of each AF (Supplementary Information). By fitting the intensity of the graphene KD relative to the AF, we can create a simulated STM image that is an excellent match to the experimental topograph and its Fourier transform, as shown in Fig. 4b,d . We can now compare the strength of the FT peak at the Kekulé wavelength from the AFs alone (Fig. 4e, green curve) as well as from the Kekulé order in the graphene itself (Fig. 4e, blue  curve) . Close examination of the FT linecut shows that the majority of the signal at q = Q Kek is due to the Kekulé order in the graphene lattice itself. We stress that apart from the dilute density of bright atomic features, the copper surface (at the atomic scale) is ultraflat and essentially featureless (Supplementary Information). This rules out the possibility that the copper substrate is solely responsible for the R3 oscillations in the system, for instance through an ordered surface alloy superlattice 26 . Instead, the amplitude and phase of Kekulé order in graphene in real space is dictated by the coherent superposition of R3 oscillations emanating from the ordered AFs as reproduced in our simple model. It is now natural to ask why the graphene film studied here is very different from films studied in the past. The hexagonal superlattice found near q = 0 in Fig. 2d provides a first strong clue to answering these questions. The position of the spots relative to the graphene Bragg peaks indicates a real-space wavelength of ∼5.5 nm. Large-area topographs such as the one shown in Fig. 5a indeed reveal a hexagonal superlattice of web-like spiral patterns, clearly different from the moiré patterns previously observed from graphene on metal substrates [17] [18] [19] (Fig. 5a , upper inset; graphene on a bulk Cu(111) single crystal). Unlike the conventional moiré patterns caused by the mismatch between the intrinsic lattices of graphene and the underlying substrate, these spiral patterns instead point to a marked reconstruction of the underlying Cu(111), whose topmost surface is epitaxially matched to the graphene lattice. Similar spiral reconstructions have been previously imaged with STM or theoretically calculated in graphene-Ru 27 , epitaxial thin films of Cu/Ru(0001) 28, 29 , and at the interface of Cu(111)/Ni(111) 30 . In all of these cases, the patterns arise when the surface or interface contains more atoms than the underlying bulk crystal (that is, the topmost lattice constant is smaller). As the structure relaxes, it buckles and the spiral patterns emerge to minimize the surface energy. We model this interfacial copper reconstruction by placing a layer of Cu(111) that is lattice-matched to graphene (Cu1) in contact with a slab of undistorted Cu(111) (Cu2). Molecular statics calculations of the relaxed structure (see Methods and Supplementary Information) perfectly recreate the experimental spiral pattern with the correct periodicity (Fig. 5b,c) .
In addition, our model of the top-layer copper compressing to match graphene (and not the other way around) is also supported by Raman scattering measurements (Supplementary Information). Altogether, the presence of this surface reconstruction, Raman spectroscopy, the atomic alignment of copper steps to graphene (Fig. 2a) , and the absence of a global moiré structure, strongly suggest that the graphene and topmost copper lattices are in perfect atomic registry.
We now turn our attention to the AFs themselves. Detailed atomically resolved STM images (Fig. 3a,c ) reveal that these features sit at graphene carbon sites and do not strongly disturb the honeycomb lattice, unlike graphene defects 22 or dopants 31 . The
AFs have a uniform height of only ∼50-80 pm (Supplementary Information), and so cannot be adatoms, which have a much higher apparent height 32 . One strong possibility is that these atomic objects are underneath the graphene, in the underlying Cu(111) surface. Furthermore, several reasons lead us to conclude that the AFs are actually vacancies in the interfacial copper lattice. First, an ordered network of substrate vacancies were seen from previous STM studies of commensurate patches of graphene grown on Pt(111) 33 and in other reconstructed interfaces of heteroepitaxial films such as Ag/Cu(111) 34 . Second, in surfaces with spiral reconstructions, theory predicts that vacancies are likely to form near the node of the spiral 30 , a preference we observe for our AFs both in realspace images (Fig. 5a , triangles and lower inset) and the FT of the positions of the AFs (Fig. 4c,d and Supplementary Information). The latter shows peaks at the wavelength of the spiral superlattice, indicating the preference of the AFs to sit at particular sites within the superlattice. Third, our density functional theory (DFT) calculations show that removing copper atoms from the topmost surface and allowing the system to relax created an alternating network of C-C bonds similar to the Kek-Y flavour of the KD (Fig. 5d) (Supplementary Information) . STM simulations match our experimental data very well (Fig. 5e) . Finally, we occasionally observe pristine areas of graphene on the surface that do not exhibit the spiral superstructure, but instead show the typical moiré pattern. Notably, the atomic AFs (and the Kekulé distortion) are never observed in such areas. Were the AFs to be a foreign atom, such a preference would be unlikely. For all these reasons, we designate the AFs as copper vacancies, or 'ghost adatoms. ' In the HKO mechanism, this corresponds to an adatom being replaced by a vacancy in an otherwise epitaxial layer of copper under the graphene-thus the terminology of the 'ghost' adatom-mediated Kekulé order.
The ghost adatoms as copper vacancies can also help us to understand the stability and formation of the HKO state itself. On cooling after graphene growth, at temperatures near the Kekulé ordering temperature, T c ∼ ρ ghost 3/2 (ref. 6), ghost adatoms have enough thermal energy to explore the potential landscape of other ghost adatoms to create the hidden Kekulé lattice. Below T c , even within the ordered state, there is a low, yet non-vanishing probability for vacancy movement. Previous room-temperature STM experiments 35 have shown that copper vacancies are extremely mobile. We can estimate the mean Cu vacancy hopping frequency by calculating the energy barrier for nearest-neighbour vacancy diffusion using the climbing-image nudged elastic band (CI-NEB) method (Supplementary Information). The Arrhenius plot in Fig. 6a gives results that show that Cu vacancies are extremely mobile during the cooling phase of the graphene CVD growth process. To investigate this possible diffusion-assisted Kekulé ordering we performed further STM measurements at 300 K. Of the hundreds of STM images we only recorded five instances of ghost adatom movement at 300 K. Figure 6b ,d depicts one such occurrence at 300 K (other instances involved, for example, ghost adatoms remaining mobile while scanning, Fig. 6d yellow triangles) . Of the 17 ghost adatoms (bright features) we see that two (green triangles) move between consecutive STM images. Overlaying the atomic images with an RGB-mask (Fig. 6c,e) shows that the vacancies both originate from and land on the same 'red' Kekulé mosaic tile, confirming the HKO mechanism. The presence of the HKO state at 300 K (Supplementary Information) in conjunction with the rarity of such hopping events suggests that the HKO transition temperature is well above 300 K.
The preceding experimental results are explained well by the predictions of the HKO theory. A key preclusion to FO-mediated ordering is the graphene doping concentration: a finite electronic density ρ e contributes additional FO oscillations with period 2k F .
At high enough electronic densities, ρ e ≥ ρ ghost , these electronic modulations would flip the sign of the pairwise adatom interaction term in an arbitrary manner, destroying any ordering [6] [7] [8] . The electron density can be found from the Dirac point shift in scanning tunnelling spectroscopy (STS) curves (Supplementary Information). From these we measure ρ e = 0.58 × 10 = ρ ghost , which fulfils the criteria for constructive graphene-mediated scatterer ordering. We note that although the HKO procedure is a facile method for introducing bandgaps into graphene, in the present experiment the copper substrate electrically shorts out electronic transport. However, unlike adatoms, substrate copper vacancies are protected by graphene, and thus the KD in our films is remarkably stable against prolonged exposure to ambient atmospheric conditions. This finding opens up the possibility of exploring the KD state in co-laminated structures of graphene/boron nitride, which are known to be chemically inert 36 , where adatoms may be introduced by evaporation or intercalation. Such structures would make the physics of the KD state accessible to transport measurements.
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